The aim of this article is to offer an insight into the hydrology of southeast Romanian catchments, which have not been studied systematically. The complex behaviour of the Taiţa, one of the most important rivers situated in the northern part of Dobrogea, is demonstrated. Long-range dependence (LRD) in the time series of its streamflow, including the presence of trends, is supported by an estimated Hurst exponent of approximately 0.8, as well as statistical tests.
Introduction
Determination of long-term behaviour patterns in river flows is an important issue for engineering projects concerning water resources management, as well as for studies on the impact of climate change on water resources. Therefore, a lot of scientific work deals with the space-time variability of flow series at different scales. In the context of long-term behaviour patterns, the detection of the possible presence of so-called "long memory" in time series is an important consideration when trying to ascertain the presence of a trend. This is due to the fact that the tendency of wet years to cluster in wet periods and drought years in dry periods generates apparent trends at all scales and slowly decaying scale-invariant autocorrelations -a set of properties known as the Hurst phenomenon. This phenomenon was first studied by Hurst (1951) , and very soon it was introduced into engineering practice, repositioning the theory of storage in dam works (Sutcliffe 1979) . The theoretical identification of long-memory processes (or longrange dependence, LRD), characterized by the Hurst exponent, is due to Mandelbrot and Wallis (1969) . The Hurst effect, characterized by the power-law asymptotics of a process's autocorrelation function, relates to both 1/f α power spectra and the fractal behaviour of the signed measure generated by the process, both of which have been extensively studied by the general scientific community. All the results gave rise to a huge amount of subsequent research and, as Sutcliffe wrote in 1979, there is no space to mention all the models and/or theories suggested by engineers and theorists to explain the Hurst phenomenon. Therefore, the physical interpretation of this phenomenon in hydrology still remains a subject of debate. In this regard, one important clarification came from Eltahir (1996) in which, investigating the flow of the Nile River, the conclusion was drawn that the El Niño phenomenon induces a non-stationarity of the mean annual flow, which could be an explanation of the Hurst phenomenon for the Nile. Based on a literature review and his own research, Koutsoyiannis (2002) conjectured that the presence of the Hurst phenomenon induces statistics that are in concordance with climate change, and showed that adapted estimators should be used in the presence of this phenomenon. Investigating six rivers from different parts of the world, Mudelsee (2007) concluded that spatial aggregation can produce long memory and represents a simple explanation of the Hurst phenomenon. Szolgayova et al. (2014) found a positive correlation between the Hurst coefficient, the mean temperature and the catchment area for different rivers of Europe, as well as a negative correlation with precipitation. To conclude, both the existence of non-stationarity, from weather up to climate variability scales, as well as stationary processes with large "memory", implying correlation functions slowly decaying in time, have been explored as possible explanations of the Hurst phenomenon. But other factors, such as particular catchment properties, should not be neglected either.
In Romania, the main focus of past research has been the detection of trends in precipitation series (Busuioc and Von Storch 1996 , Maftei and Barbulescu 2008 , Bărbulescu and Deguenon 2014a , 2014b , 2015 or temperature (Tomozeiu et al. 2002) . A recent study (Bîrsan et al. 2012 ) examined the mean monthly streamflow for 51 rivers of Romania over a period of 30 years. The authors concluded that for about half of the stations a negative trend exists for the streamflow registered from the end of spring to early summer. The streamgauges used for the Birsan study are situated in different regions of the Carpathian Mountains. From the perspective of the existence of LRD, the scales of those trends could be revisited and reinterpreted.
The objective of this paper is to test the hypothesis of a trend and/or LRD existence in the Taiţa River time series.
Scaling analysis is used to investigate the presence of the Hurst phenomenon in the daily flow records of the river, to estimate the Hurst exponent (using the method of rescaling the probability distribution), and to determine its uniqueness using the method of absolute moments (Higuchi 1988) . We analyse the properties of mean flow series from a streamgauge situated on the Taița River located in the northern part of Dobrogea. This watershed has been chosen for the following reasons: (1) the registered data cover a relatively long period for the Northern Dobrogea region; for the southern part of the region, gauging started in 1975; (2) the river network in the northern part of Dobrogea is more developed, having a permanent flow, in comparison with the rivers situated in Southern Dobrogea, which have a non-permanent flow; (3) only a handful of studies on streamflows for this region have been published previously.
Study area
The Dobrogea region is situated in the southeast of Romania, between the Black Sea and the lower Danube River (Fig. 1) . It is considered to be one of the oldest geological regions of Romania, and plays an important role in the Romanian economy, particularly in considering the Danube-Black Sea Canal as a component of the European waterways system. Dobrogea is also an important agricultural area. Following prolonged drought periods, some large irrigation systems have been built, covering more than 400 000 ha. The most important problem for these giant irrigation systems is energy consumption, due to the large waterways required and the high pumping and repumping levels (all the water inlets are situated on the Danube or Danube-Black Sea Canal). In this context, it is important to find other water sources, and assess their reliability. From a geomorphological point of view, Dobrogea is composed of four morpho-structural units: the Danube alluvial and deltaic plain, the mountainous-hilly HercynianKimeric unit in Northern Dobrogea, the green schist Casimcea plateau (or Central Dobrogea plateau), and the plateau with Sarmatian structure (or Southern Dobrogea).
Dobrogea's climate is temperate-continental, with temperatures decreasing from the coast and the Danube towards the interior, and an annual mean temperature of 10.9°C. The annual precipitation varies within wide limits (approx. 260-500 mm). The lowest precipitation is registered in the littoral and the Danube region and the highest in the north and centre of Dobrogea. Our research group investigated possible breaks in annual temperature and monthly precipitation series for 10 meteorological stations in Dobrogea Barbulescu 2008, 2012) . The results showed an increase in temperature of 0.8°C during the studied period, as well as an Figure 1 . Taiţa catchment.
HYDROLOGICAL SCIENCES JOURNAL-JOURNAL DES SCIENCES HYDROLOGIQUES
increase in precipitation, with an irregular distribution in time. For example, precipitation of 259 mm was recorded in August 2004 at Constanţa, this value representing half of the annual precipitation registered at this station.
From a hydrological viewpoint, Dobrogea is divided in two basins: one, a tributary to the Danube, and the other, a tributary to the Black Sea (better known as the Dobrogea-Littoral basin). The rivers belonging to the Dobrogea-Littoral basin form a dense network in the northern part of the Dobrogea region. The common characteristics of these rivers are permanent flow, discharge into littoral lakes, small size (in terms of surface and length of hydrographic network), and maximum discharges generated by short-time, high-intensity rain storms, due to Dobrogea's particular weather conditions. Hydrometric gauging in Dobrogea started in 1953 on the Casimcea River, but the location of this station has changed over time. The second hydrometric station, created in 1954, was Satu Nou on the Taiţa River. The daily streamflow data from the Satu Nou gauging station cover the period between 1 January 1955 and 31 December 2010, yielding 19 861 mean daily values ( Fig. 2) , with a gap between July 1965 and August 1966. Given that our study targets questions concerning the presence or absence of certain types of behaviour (trends, long-range dependence), gap-filling is not desirable, as there is no data reconstruction procedure that can claim to be neutral to all estimators used in the respective detection tests. Therefore, only the measurements from the 1 January 1967 to 31 December 2010 (44 years) are used in the present analyses.
The River Taiţa drains a catchment of 681 km 2
. From a geomorphological point of view, the Taiţa basin is part of the North-Dobrogea Plateau. The climate in that region is moderate continental: the annual means are about 11°C in temperature and 400 mm in precipitation. The Taiţa River springs from the northern area of the Niculitel hills (at an altitude of 240 m above sea level) and discharges into Babadag Lake, just after draining the Toprachioi Bog (near the Danube Delta Biosphere Reservation). The Taiţa's catchment has an asymmetrical shape, with a denser network on the east side, where the Taiţa receives most tributaries (Fig. 1) .
Almost 33% of the Taiţa catchment is forested; in the lowlands, agriculture is the dominant land use. Urbanized areas in the basin are largely concentrated in or around the population centres of Horia, Nalbant, Izvoarele and Mihai Bravu.
The Taiţa basin contains various hydraulic works. An attenuation dam is situated upstream of Horia village (Fig. 1) . It was used to irrigate over 78 ha of land, the irrigation system being operational from 1975. Since 1990 the irrigation system has been out of service and the Horia dam has been undergoing repair work.
Streamflow at the Satu Nou gauging station is analysed in this study. The Satu Nou streamgauge is situated at an altitude of 151 m above sea level. The river drains a basin of 565 km 2 at Satu Nou (Fig. 1 ). Dobrogea's particular weather conditions produce high discharges as a result of episodes of heavy rainfall, which cause the seasonality to be overshadowed by extreme events. Streamflow measurements for the Taiţa catchment were performed by INHGA (Romanian National Institute of Hydrology and Water Management), so they are reliable and free of gross errors, given that the gauging process was supervised by professional personnel. For the Taiţa River gauge at Satu Nou, INHGA established the following flood stages: action stage is 250 cm, minor flood stage is 300 cm, and major flood stage 350 cm. It should be noted, for the purpose of outlier treatment in the present study, that the discharges of events above 300 cm (>14 m 3 /s) were reconstructed from the traces left by water on the banks. Figure 2 depicts the variations of daily, monthly and annual streamflow at Satu Nou. Possible outliers in the series of streamflow data should be considered in the values above 14 m 3 /s, which were reconstructed from the traces left by water on the banks.
Statistical methods
We call a stochastic process X t stationary when all probability distribution functions (marginal and joint) of the random variables that form the process are invariant to shifting the time indices. This implies that the autocorrelation function (ACF) of the process is also independent of the origin of time, and can be expressed as a function of time lag only:
where μ and σ are, respectively, the mean and standard deviation of X t (see e.g. Brockwell and Davis 2002) . A stationary process is said to have long memory (or has longrange dependence, LRD) if its autocorrelation decays to zero so slowly that its partial sum diverges, that is Brillinger 1975) . Note that this definition of long memory is implied by the following behaviour of its autocovariance: γðkÞk Àα LðkÞ, where 0 < α < 1 and L(k) is a function with a slow variation at infinity (see e.g. Embrechts et al. 1997) .
The latter property has been formulated in accordance with the asymptotic power-law behaviour of the autocorrelation function of fractional Gaussian noise, the incremental process of fractional Brownian motion coined by Mandelbrot and Van Ness (1968) , with exponents −α = 2H − 2 varying from −1 to 0 as the Hurst exponent H goes from ½ to 1.
The steps of the statistical analysis of our data series are:
(1) Define a threshold for possible outliers.
(2) Test the existence of significant autocorrelation by analysing the position of the estimated autocorrelation function outside the confidence band around zero. (3) Test the null hypothesis that there is no trend in the time series (against the alternative of the existence of a monotonic trend) using the Mann-Kendall test (Hipel and McLeod 2005 The null hypothesis in the KPSS tests is the stationarity about a constant level or deterministic trend. To apply this test, the series is decomposed into the sum of a deterministic trend, ξ t , a random walk, r t , and a stationary stochastic noise:
where t 2 N is the time, and the error term in equation (2), ε t , is assumed to be independent and identically distributed, with zero mean and σ 2 ε variance. The level r 0 is fixed. The null hypothesis being tested is a zero variance of the random walk; if it is accepted, then X t is trend stationary (when Þ 0) or level stationary (when ¼ 0) (Pfaff 2008 ).
This test is implemented in the t-series package of the R software, which provides values of the test statistics at different confidence levels, and critical values. (Taqqu et al. 1995) and absolute moments (Higuchi 1988 ) estimators should be mentioned, while the periodogram (Geweke and Porter-Hudak 1983 ) and Whittle's estimator (Taqqu et al. 1995) are two of those that operate in the frequency or wavelet domain. Experience shows that no estimator is consistently robust in every case and each of them has different strengths and limitations.
The R/S (rescaled range series) method implements the following steps: (a) dividing the sample series into subseries of the same length; (b) normalizing the data by mean subtraction; (c) creating cumulative (aggregated) series; (d) finding and rescaling the range; and (e) computing the average of the ranges from (d) for all subseries of the same length. The procedure is redone for different lengths and, finally, the values determined at (d) are plotted vs length on a log-log scale. The slope of the straight line fitted by the least square method is the estimated Hurst coefficient.
For the aggregated variance method, the Hurst exponent is calculated by the following procedure: dividing the initial series into a number of blocks, followed by calculating the variance of the sample from each block and fitting the slope (β) using the least square method (on log-log scale) on the variance vs the block size. The Hurst coefficient is then determined as H = β/2 − 1.
The method of absolute moments is based on calculation of the aggregated series using a sliding window, and the determination of the scaling exponent τ(q) of the absolute moments of order q of the measure generated by the aggregated series. Estimating the Hurst exponent from H = -dτ/dq allows us to also assess the existence of a unique exponent, considering the straight-line behaviour of τ with q.
The periodogram method is based on estimation of the spectral density of a time series (under the hypothesis that this series has a finite variance). If the series exhibits LRD, the log-log plot of its periodogram vs the frequency will be a straight line, whose slope is 1 − 2H.
Whittle's estimator works in the frequency domain, minimizing a likelihood function, whose unknown parameter is the Hurst exponent, H, or the differentiation degree in FARIMA (0,d,0) processes. This approach gives the value of the Hurst exponent and the confidence intervals.
All these algorithms are implemented in the R software, within the fArma package.
To confirm the results of the LRD study, bucket shuffling was performed. This procedure decouples the short-term correlations from the long-range ones (Erramilli et al. 1996) , by shuffling parts of a time-series and performing analysis of the sample autocorrelation function (Karagiannis and Faloutsos 2002) . For this purpose, the next steps are followed:
(1) Divide the data series ðx i Þ into a number of buckets of the same length, b. (2) Define the home of each value x i to be the bucket with number HðiÞ = the integer part of i/b.
(3) Build the in-buckets that contain pairs of values ðx i ; x j Þ such that HðiÞ ¼ HðjÞ. (4) Define out-bucket pairs to be pairs of values for which HðiÞ Þ HðjÞ: In this case HðiÞ À HðjÞ j jis the corresponding offset. (5) Apply the randomization, which can be: (v.1.) external, when the buckets' order is randomized, maintaining their content intact; (v.2.) internal, when the buckets' order is maintained and the buckets' content is randomized; (v.3.) two-level randomization, when after dividing the buckets into "atoms" of the same size, a, the external randomization is applied to the blocks of "atoms" within each bucket. It was proven (Erramilli et al. 1996 , Karagiannis et al. 2003 ) that the autocorrelation function of the internally randomized series preserves the same LRD characteristics as those of the initial data series. Therefore, if the given series has LRD, the ACF of the internally randomized series should show the same slowly decreasing behaviour as the original series.
The shuffling procedure is implemented in the Selfis software (Karagiannis et al. 2003) .
Results
(a) Considering that the flood stage at the Satu Nou gauge is 300 cm and the corresponding flow discharge is above 14 m 3 /s, all the values above 14 m 27 July 1997. Since we have no precipitation records in the area, in order to validate the extreme values (possible outliers), we performed our analyses with and without those extreme values. (b) From the plot of the sample of the autocorrelation function (ACF) (Fig. 5) , it was found that that there is a serial autocorrelation and the autocorrelation slowly decreases to zero. After removal of the outliers, the ACF had the same shape. (c) After performing the Mann-Kendall test for the daily data, as well as for the monthly ones, the null hypothesis that the time series has no rank correlation with time can be rejected at a confidence level of 0.99 (the value of the test statistic τ = −0.0532 for the daily data). This result is interpreted as a monotonic decreasing trend in the data. Equally important, one should keep in mind that the rejected null hypothesis assumes that the process increments are independent random variables, which is not the case for processes characterized by LRD (e.g. fractional Gaussian noise increments that integrate to fractional Brownian motion). Therefore, the rejection of the Mann-Kendall null hypothesis does not imply the rejection of LRD, as LRD processes typically produce finite-length trends at all scales of their realizations (time series) (Koutsoyiannis 2002) . Performing the same test after the removal of the outliers, the results did not change. (d) The value of the statistic of the KPSS test for trend stationarity was 0.5127 and the p-value was less than 0.01. Therefore, the null hypothesis of trend stationarity can be rejected at a confidence level of 0.95. The fact that the hypothesis of a stationarity around a trend had to be rejected with high confidence hints that further investigation for integrated (such as a random walk) or fractionally integrated noise should be taken. We note that these results did not change after the removal of outliers. (e) To assess the presence of LRD, we tested the presence of scaling, and estimated the Hurst coefficient of our series. Using the method of absolute moments (Higuchi 1988) , we determined the presence of scaling behaviour in the series (correlation coefficients above 0.99 in the log-log linear fit of absolute moments against scale), and a Hurst exponent of 0.81 (0.8 after reshuffling within blocks of size 16). The scaling exponent of absolute moments exhibited a linear correlation of 0.95 with the order of moments (100 equidistant moments between 0 and 2), which allowed us to infer the existence of a unique Hurst exponent. The method of rescaled probability distributions resulted in an exponent H = 0.82. The series without outliers did not show any notable differences from the above values. It should be noted that the estimation errors, for the fit shown in Figure 4 , are beyond the decimals we cite, and such is also the case when we refer to the absence of notable differences; however, posting further decimals, while mentioning the pure statistical estimation errors, would lead to the wrong conclusion that the precision of the results actually lies in that range, whereas instrumental and other errors, which we cannot propagate through the HurstKolmogorov exponent estimation procedure, may affect the result, according to our experience.
The sample ACF of the daily streamflow series for lags up to 100 are plotted in Figure 5 , together with the theoretical ACF of fractional Gaussian noise,
]/2, for H = 0.81. We observe their hyperbolic shapes, characterizing the slow ACF decay, consistent with the scaling shown in Figure 4 (note that the value of H used in the theoretical curve was determined before autocorrelation). Oscillations in the estimated ACF, over periods of 1-2 weeks, might be due to anthropogenic effects, but no clear explanation for them is currently available. Let us recall that this value has been obtained from a time series of over 16 000 data points, which-given the self-affinity of the process-is particularly long. This has been possible thanks to a location where seasonality is not dominant, which offers a rare opportunity to analyse the presence of Hurst-Kolmogorov scaling at time scales that are much finer than the one-year sampling scale used by Hurst and most subsequent, seasonality-limited studies. (Of course, for a selfaffine process, within its scaling range, only the sampling scale matters; no absolute time scale, such as the yearly scale that dominates many hydrological processes, is relevant to such a process, within its natural scaling range.) The presence of trends at all scales within self-affine processes is therefore in agreement with the results of the statistical tests, whereas a simple explanation of the detected behaviour may still remain elusive (Cohn and Lins 2005, Fleming 2014 ).
Conclusions
In this study we presented an analysis related to the Taiţa River, which is one of the most important rivers in the Dobrogea region, but lacked an in-depth study. We established the properties of a 44-year time series of daily average discharges of the Taiţa River at the Satu Nou gauging station.
The existence the Hurst phenomenon, discovered more than half a century ago in hydrology, does benefit from the existence of a satisfactory mathematical model, but the phenomenology underlying LRD is still the subject of debate, and could equally well be the result of a variety of processes, whose interplay could also vary from case to case. It is therefore essential to position and interpret the results of LRD studies (Fraedrich et al. 2004 , Cohn and Lins 2005 , Huybers and Curry 2006 , Mudelsee 2007 , Szolgayova et al. 2014 ) from different climates and parts of the world in terms of statistically significant departures from H = ½, catchment properties, and any other factors that could influence the phenomenology. Unlike mathematical models, where time can be defined to go up to infinity, in time series, trends depend on scale in an essential way (Koutsoyiannis 2002) . Fractional Brownian motion, being self-affine, exhibits trends at all scales, and thereby requires an adequate interpretation of statistical trend tests. In this work, the existence of LRD was found to match the relatively large estimated Hurst exponent, and not disagree with the results of various statistics. It was shown that the existence of outliers did not influence the series' properties.
An interpretation of our results within meteorological and/ or catchment properties will be necessary in the context of long-memory effects on flood/drought river hazard assessment. A value of the Hurst exponent of about 0.8, on a scale from 0.5 to 1 of "persistent behaviour", could be explained phenomenologically by an increase in temperature and precipitation, a feedback cycle found in the Dobrogea region by Barbulescu (2008, 2012) . Aside from that, the intrinsic properties of this hydro-meteorologically little-explored region (scarce snow in winter-no accumulation thereof, isolated storms throughout the year counting for about three-quarters of direct runoff, little base flow etc.) could be responsible for the fractional Brownian-like behaviour of the discharge.
The main result of this study, based on results from several lines of statistical investigation presented in the paper, is that Taita River discharge is marked by complex behaviour. In particular, the data are not consistent with stationary behaviour or a linear trend process, but they do indicate a relatively strong Hurst effect and possibly a nonlinear structural trend.
Given that, apparently, there has been upstream flow management, and that the irrigation and water management practices changed in the study period, it is possible that the complicated river dynamics observed here partly reflected anthropogenic controls, an interesting possibility requiring further investigation.
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